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Spine (segmented) fin coils have been used in certain applications as a result of their effective use of coil material. 
One can improve coil heat transfer performance by adding more fins per inch (FPI). This comes at the expense of air 
side pressure drop, which requires more fan energy to achieve the same air flow. When this type of fin is used in an 
evaporator, there is a secondary penalty associated with the fan heat that must be removed by the refrigeration 
system. Also, the tighter fin spacing is less tolerant to frost growth that can block air flow over time. 
 
The current research focuses on a new configuration that nearly doubles the surface area of the fins, yet has similar 
fin spacing. Performance is evaluated using one inch sections of the tube and fins. The air side pressure drop is 
measured and thermal performance is evaluated using a transient thermal imaging technique developed for low 
velocity airflows. The conductance of the offset fin is increased 30% relative to the traditional spine fin design and 




Spine fin heat exchangers were introduced in the late 1950s for use in air conditioning and heat pump applications as 
discussed in Abbott (1980). They were applied in room air conditioning, package terminal air conditioners and 
central heating and cooling units. As is typical for air to refrigerant heat exchangers, the predominant direction of 
airflow is perpendicular to the tubes and the air side heat transfer area and coefficient have a dominant effect on the 
performance. This drives the heat exchanger designer to focus on improving air side heat transfer and increasing air 
side area. An increase in air side heat exchanger performance results in an improvement in the cost effectiveness and 
the volume occupied by the heat exchanger. 
 
Spine fin heat exchangers are manufactured using an aluminum tube of typically 0.375 inches (9.60 mm) outer 
diameter and fin stock typically 0.8701 to 1.0 inches (22.2 to 25.4 mm) wide with a thickness of 0.0055 to 0.0065 
inches (0.14 to 0.17 mm). The traditional fin stock is processed through rotary dies which slit both sides of the 
aluminum strip as shown in Figures 1 and 2. The strip is then folded into a "U" shape where the center horizontal 
portion of the "U" is left as solid material and vertical sides of the "U" have been slit (Figure 3). The bottom portion 
of the U may have a small hem or area where the material is folded back on itself. The folded fin stock is then 
wrapped around the tube while being slightly stretched to complete the heat exchange surface. The hem of the fin 
stock allows the fin material to be stretched and the heat exchanger to be formed rapidly while minimizing the 
occurrence of broken fins. 
 
The most straightforward method to improve air side heat transfer is to increase the secondary area. Spine fins are 
manufactured from thin material which is slit and then wrapped onto refrigerant tube which may have a wall 
thickness of 0.03 inches (0.76 mm) to satisfy the requirements of containing high pressure refrigerant and 
facilitating manufacturing. Secondary area also has an advantage with respect to improving air side heat transfer 
because both sides of the fin are wetted by air whereas one side of the tube is wetted by air the other side is wetted 
by refrigerant. Because of these reasons, secondary area provides much more surface area per mass than primary 
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area. But there is a limited amount of secondary air side surface area that can be practically attached to a tube, and 
the improvement in air side heat transfer created by adding secondary area needs to be balanced against the resulting 
increase in air side pressure drop and the fan power that almost inevitably results. 
 
   
 
Figure 1: Fin strip cut locations [Traditional (L) & Offset (R)]  Figure 2: Cut fin material & wrapped fin 
 
The balance between air side heat transfer area and pressure drop is further complicated when the heat exchanger is 
applied in conditions where water vapor is present and the surface temperature of the heat exchanger causes this 
moisture to condense or to freeze. When a heat exchanger accumulates frost, a layer of insulation is added and the 
air side pressure drop increases causing an increase in fan power and eventually an airflow reduction. Evaporators 
that accumulate frost need to be defrosted periodically: defrost cycles on a spine fin coil applied to a heat pump may 
occur frequently, but a refrigerator evaporator needs to be designed to perform for a minimum of eight to ten hours 
between defrosts. The defrost frequency is limited because each defrost increases the energy consumption of the 
product and creates an interval of time where the temperature of the stored food is increasing. For this reason, 
refrigerator spine fin evaporators typically have six to eight fins per inch, whereas a spine fin applied as the outdoor 
coil on a heat pump may have 18 fins per inch. Experience has shown that if a refrigerator evaporator is designed 
with a greater fin density, the frequency of defrosts offsets the benefits derived in improved cost and performance 
when the evaporator is operated without frost. 
 
As frost forms on an evaporator coil it starts to add a layer of insulation over the tube and the fins. Once this layer 
exceeds the critical insulation thickness it starts to be an impediment to heat transfer. Another important effect 
occurs when frost bridges between fins and blocks airflow. Once these two effects become large enough, the 
evaporator needs to be defrosted. The offset Spine configuration increases the surface area of a spine fin evaporator 
while still allowing a large space between fins. This will provide an evaporator with increased air side heat transfer 
area but should not decrease the time required between defrosts.  
 
It is recognized that circular disk fins, such as described by Lee (2010), provide more extended surface area than that 
of segmented spine fins. However, the fin efficiency of a circular fin is less than that of a spine fin partly because the 
contact area with the tube is limited to the inside diameter of the fin.  Also, the heat transfer coefficient of a circular 
fin is less than that of a spine fin because the spine fin has many interrupted surfaces that can provide mixing within 
the airstream.  The offset spine fin has increased contact area compared to a circular disk or spine fin surface and 
increased mixing compared to a circular fin. (Webb, 1980) 
 
Various papers exist that discuss spine fin heat exchanger performance (Eckels, 1985; Holtzapple, 1990a/b; 
Weierman, 1976). However, these papers are for higher air-side Reynolds number applications than used in 
refrigerators and none have information about the offset fin which is a novel design. The offset fin design provides 
an increase in air side heat transfer area while creating a minimal impact on air-side pressure drop. It is also 
expected to have a minimal impact on the frequency of needed defrosts. We will compare the heat transfer 
coefficient using this novel design to that of more traditional designs using a similar method to that discussed by 
O’Brien (2004). This technique was modified for use in a low Reynolds number application. We obtained an 
estimate of the change in air side pressure drop using traditional techniques. 
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Figure 3: Formed fin [Traditional (L) & Offset (R)]                 Figure 4: Formed offset spine fin 
 
2. OFFSET SPINE FIN 
 
The offset spine fin can be manufactured using a similar technique to that outlined above for the spine fin. However 
the fins cut into one side of the fin stock will be offset from those cut into the other side by one half of a fin width 
(Figure 1). The hems will be formed such that each fin touches two fins on the other side of the fin stock (Figures 3 
and 4). After the fin stock is wrapped over the tube, the fins fan out and there is only a small area at the root of the 
fin where one fin will touch another (Figure 5). This new design has about double the exposed surface area. This is 
an improvement over the disk fin since there is a fin root for each spaced fin. 
 
Figure 5: Wrapped fin [Traditional (L) & Offset (R)] 
 
3. PROTOTYPING TECHNIQUES 
 
The study used a small one inch section of heat exchanger. The tube outer diameter is 3/8 inches (9.5 mm) with fins 
wrapped around the tube that are about .35 inches (8.9 mm) protruding radially outward from the tube. A small 
section was used due to the difficulty and expense of creating a full size heat exchanger prototype. The 
manufacturing of a spine fin evaporator requires expensive and long lead time tooling and it was desired to 
understand the potential benefits of the new design using a small affordable section.  
 
An additive manufacturing technique, known as fused deposition modeling (FDM), was used to make the first 
samples.  The samples made it much easier to communicate the design intent as can be observed in Figure 6. The 
samples on the left show the traditional 9 FPI design, the center a traditional 18 FPI design and the right is the offset 
9 FPI design. These samples were used to generate curves of the air-side pressure drop versus airflow. Since the 
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Unfortunately, three dimensional printing techniques for metal having this type of geometry are difficult. The fins 
are thin and there is no support available at the ends of the fin. Aluminum prototypes were made by hand for the 
thermal tests (Figure 7). The aluminum rod was counter bored at both ends to a depth of 1/3 inches (8.5 mm) by 
5/16 inches (7.94 mm) diameter. This left a solid length of material in the center for the main thermal mass. By 
viewing the temperature of the internal face of the mass, the thermal imaging camera provides a representative 
reading of the sample temperature. 
 
   
 
            Figure 6: FDM prototypes  [Traditional 9 FPI (L),    Figure 7: Aluminum offset 6FPI prototype 
    Traditional 18 FPI (M) & Offset 9 FPI (R)] 
 
The fins were made by cutting the U-shaped production fins in half and wrapping them tightly around the tube. The 
ends were held in place with superglue. Since the samples were small, it was difficult to make samples at 18 FPI. 
Therefore, these samples were made at traditional 6 FPI, traditional 12 FPI and offset 6 FPI. 
 
Future investigations could take advantage of the use of micro water jet manufacturing processes to fabricate new 
fin concepts. This process has a cutting accuracy of +/-0.0004 in. (0.01mm). A first sample is shown in Figure 8. 




   Figure 8: Micro water jet fin 
 
3. AIR PRESSURE DROP - EXPERIMENTAL SETUP AND RESULTS  
 
The air side pressure drop was measured using a wind tunnel. The samples were placed in a 1 inch (25 mm) square 
duct. The pressure drop of an offset spine fin sample was compared to that of a 9 FPI and 18 FPI traditional spine fin 
design using the FDM samples.  
 
As can be seen from the data in Figure 9, the offset 9 FPI fin has a slightly higher pressure drop (30% in the 
operating range) than a traditional 9 FPI spine fin. However, this is a much lower pressure drop than the traditional 
18 FPI sample which has a similar area but a pressure drop that is 2.5 times higher than the offset fin. 
 








   Figure 9: Air-side pressure drop versus airflow 
 
4. HEAT TRANSFER COEFFICIENT  
 
4.1 Experimental Approach 
A transient thermal measurement technique was used to estimate the thermal time constant of the sample. Knowing 
the thermal properties and weight of the sample, the heat transfer coefficient can be determined using the traditional 
lumped parameter approach. 
 
In order to successfully use the lump capacitance method (Incropera, 1996) and the relatively simple equation (1), 
one needs to make the assumption that there is negligible internal resistance within the test sample. 
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                                (2)  
  
Of course, it is understood that the whole fin will not be at the same temperature as the tube. The surface area of the 
fin or secondary area is much greater than that of the tube or primary area and it is extended away from the tube and 
immersed in the air stream.  The effect of this temperature gradient is captured in the expression for fin efficiency. 
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A fin that has an efficiency of one will transfer the maximum amount of heat because all of the secondary area will 
be at the same temperature as the primary area.  A fin that has an efficiency of zero would be completely at the 
temperature of the air.  For this reason an estimate of the expected fin efficiency will be useful. A spine fin is a 
rectangular fin of constant cross section with a non-adiabatic tip. The applicable equations: 
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-K), the fin efficiency is 
0.96. Since this is close to one, the lumped parameter analysis is valid. This value was used throughout the 
remainder of the analysis. 
 
4.2 Test Equipment 
The heat transfer coefficient was studied using the aluminum samples having different fins. They were the 
traditional 6 FPI, traditional 12 FPI and offset 6 FPI prototypes. The metal samples were used instead of the plastic 
samples in order to make use of the favorable thermal capacitance characteristics of the metal. The one inch sample 
was placed between a sapphire viewing window and plug made of urethane foam. The duct formed by the plastic 
was 1.5 inches (38 mm) tall by one inch (25 mm) wide. These are the typical dimensions for a tube section at the 
entrance of a household refrigerator evaporator. The viewing window was secured in a hole in the plastic such that 
an infrared camera could be used to photograph the inner face of the heat exchanger sample. On the other wall, there 
was another hole in-line with the window. This hole was used to insert the sample into the duct and the foam 





Figure 10: Side view of test apparatus       Figure 11: Top view of test apparatus 
 
              
 
   Figure 12: Sample fin behind Sapphire window  Figure 13: Thermal image of the fin sample 
 
Test Sample Single Z Fin 
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Figure 14: Typical model predicted temperatures 
 
A FLIR SC7000 thermal imaging camera having a temperature sensitivity of 36 mR (20 mK). Additionally, the 
ambient air temperature near the tube was measured using a single fin that was formed into a z shape (Figure 12) 
and located directly upstream of the sample. It was assumed that the single fin has a negligible mass and therefore 
indicates the temperature of the air stream. This was done because even though care was taken in the setup to deliver 
constant temperature air to the sample, this was not completely possible. One end of the z was glued onto the plastic 
duct wall while the other end was used as a surface to measure ambient air temperature. The end of the sample and 
the ambient fins were painted a flat black so that there would be a consistent emissivity between sample surfaces for 
the temperature measurement. The camera recorded images every second. The inner face of the heat exchanger and 
the single fin used to measure ambient air temperature were identified with the camera software and the average 
temperature of each area was calculated.  
 
The airflow over the test sample was chosen to provide a similar velocity and Reynolds number to that of an actual 
evaporator in a domestic refrigerator. The total airflow in this situation is typically about 30 to 60 cfm ( 0.85 to 1.7 
m
3
/min) and the cross sectional area is 60 to 90 in
2
.( 0.039 to 0.06 m
2
). This equates to flow with Reynolds numbers 
below 500. 
 
A warm air stream was introduced to the colder sample and the change in temperature of the sample was recorded 
using a thermal imaging camera. A simple lumped parameter analysis was then done to back out the heat transfer 
coefficient. Figure 14 shows a typical temperature time response and the temperature trend of the model. 
 
In the first attempt, the sample was allowed to reach room temperature and then a constant source of air at a 
temperature approximately 18°F (10°C) warmer than the room was introduced. This was unsuccessful because the 
very low volume flow of air used to perform the test was cooled by contacting the duct and the fixture before 
reaching the sample. This caused the single fin temperature and that of the sample to warm at a rate that was similar.  
Therefore, the temperature delta between the sample and the single fin did not fit an exponential decay equation 
well.  
 
In the second attempt, the fixture including the single fin used to indicate air stream temperature was allowed to 
reach equilibrium temperature. The sample section which had been stored in a cooler and mounted to a small piece 
of urethane foam was then inserted into the fixture and the test started. This technique was more successful because 
the temperature of the airstream and the fixture were the same and constant. This technique is an improvement to 
that of O’Brien (2004) when investigating a small sample with low airflow and where the heat loss or gain from the 
ducting and fixture will have a large effect on air temperature.  
 
Changing the test process to cool the samples and place them in a room temperature chamber was successful in 
providing test data that fit the lumped parameter exponential decay equation well. However, the heat transfer 
coefficient calculated for a bare tube was still approximately three times higher than that calculated using published 
methods such as Zhukauskas (1972). After investigation, it was determined that the sample was being heated by 
contacting the viewing window and a small rubber O-ring was added to the appropriate end of the sample. Test 
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results on a bare tube sample after this O-ring was added were much closer to that calculated using published 
methods though still approximately 100% too high.  
 
In the final attempt, it was realized that radiation heat transfer was causing an error. In order to provide the surface 
required for a good thermal image, the center of each tube was painted with flat black paint. Some of this paint was 
inadvertently sprayed over the outside diameter of the bare tube samples.  After further investigation, it was 
determined that this was a mistake and the outside diameter of the tube samples was cleaned and a roughly polished 
surface created.  
 
4.3 Comparison to Bare Tube 
To assess the test capability, runs were completed with bare tubes and compared against the bare tube correlation in 
the literature (Zhukauskas, 1972). The results of the tests are contained in Figure 15. A copper and aluminum tube 
having the same diameter were both tested to confirm the test methodology. All finned tube samples were built 
using aluminum tubes; it was decided to also test a bare copper tube because the increased thermal mass would be 
helpful in reducing test error. Both samples show similar trends with respect to airflow. The results are within 14% 
of each other. All the bare tube results are within a few percent of the Zhukauskas correlation.  
 
        
 
           Figure 15: Bare tube heat transfer coefficient       Figure 16: Spine fin heat transfer coefficient 
 
4.4 Measurements and Analysis 
Figure 16 shows the results of the three finned tube samples that were tested: the traditional 6 & 12 FPI designs and 
the new offset 6 FPI fin design. All samples show an increasing trend in heat transfer coefficient as a function of 
increasing airflow. The traditional 6 FPI sample has the highest heat transfer coefficient. The traditional 12 FPI and 
offset 6 FPI have similar heat transfer coefficients at the lower flows and the 12 FPI is a little higher at the higher 
flows. 
 
The conductance of the air-side can be determined. It is simply the heat transfer coefficient times the effective area. 
Recalling that the current evaporator design is 6 FPI and the 12 FPI is not practical due to limited frost tolerance and 
high air side pressure drop, the main performance comparison will be based upon the 6 FPI designs. The 
conductance of the offset 6 FPI sample is about 30% higher than the traditional 6 FPI sample. This is a significant 
improvement that comes with some additional air-side pressure drop. If one were to reduce the coil size to match the 





 Small samples at Reynolds number below 1000 can use the thermal imaging capacitance technique outlined 
in this paper to measure air-side heat transfer coefficient. 
 Care must be taken to address radiation and conduction paths in the experiment that can invalidate the test 
data. 
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 Successfully able to test samples of less than 3 grams and 25 mm cubic volume. 
 
Offset spine fin 
 The new offset spine fin provides 30% more conductance on the air side. 
 There is a 30% increase in air-side pressure drop with the new fin. 
 Even though there is more fin area, the space between the fins remains the same and should have similar 
frost holding capability. 
 
The offset spine fin shows promise as a new fin configuration for a spine fin coil. Full scale prototypes should be 








c specific heat (J/kg-K)  
h heat transfer coefficient (W/m
2
-K) 
k thermal conductivity (W/m-K) 
L length (m) 
m fin efficiency parameter (1/m) 
M mass (kg) 
q heat transfer (W) 
t time (sec) 
T temperature (K) 
x fin thickness (m)  





c cross section 
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